Broadband perfect absorber based on one ultrathin layer of the refractory metal chromium without structure patterning is proposed and demonstrated. The ideal permittivity of the metal layer for achieving broadband perfect absorption is derived based on the impedance transformation method. Since the permittivity of the refractory metal chromium matches this ideal permittivity well in the visible and near-infrared range, a silica-chromium-silica three-layer absorber is fabricated to demonstrate the broadband perfect absorption. The experimental results under normal incidence show that the absorption is above 90% over the wavelength range of 0.4-1.4 μm, and the measurements under angled incidence within 400-800 nm prove that the absorber is angle-insensitive and polarizationindependent. © 2015 In this Letter, a broadband perfect absorber based on one ultrathin layer of the refractory metal chromium (Cr) embedded between two silica (SiO 2 ) layers without structure patterning is demonstrated. The ideal permittivity of the metal layer for achieving broadband perfect absorption is derived based on the impedance transformation method. Since the permittivity of Cr is close to the ideal metal permittivity in the visible and NIR range compared to other kinds of metals, the demonstrated SiO 2 -Cr-SiO 2 three-layer absorber exhibits absorption higher than 90% over the wavelength range of 0.4-1.4 μm. In order to analyze the absorption A (where A 1 − R and R is the reflection), the wave impedance is calculated based on the impedance transformation method [18] : 
Broadband perfect absorbers in the visible and nearinfrared (NIR) range have been widely investigated [1, 2] since they are crucial in many promising applications, such as solar energy harvesting [3] , thermo-photovoltaic energy conversion [4] [5] [6] , thermal imaging [7] , and emissivity control [8] . Recently, broadband perfect absorbers have been designed according to different mechanisms including multiple resonances [8] [9] [10] [11] , lattice-scattering effects [12, 13] , impedance matching [14] , and slow-light modes [15] [16] [17] . These broadband perfect absorbers have been realized by utilizing metal-dielectric stacks with certain patterned structures, where the noble metal gold is typically used.
In this Letter, a broadband perfect absorber based on one ultrathin layer of the refractory metal chromium (Cr) embedded between two silica (SiO 2 ) layers without structure patterning is demonstrated. The ideal permittivity of the metal layer for achieving broadband perfect absorption is derived based on the impedance transformation method. Since the permittivity of Cr is close to the ideal metal permittivity in the visible and NIR range compared to other kinds of metals, the demonstrated SiO 2 -Cr-SiO 2 three-layer absorber exhibits absorption higher than 90% over the wavelength range of 0.4-1.4 μm. In order to analyze the absorption A (where A 1 − R and R is the reflection), the wave impedance is calculated based on the impedance transformation method [18] : 
with the real coefficients of A 1 , A 2 , B 1 , and B 2 as functions of x tanD:
The complex impedance of Z Z 0 iZ 00 can be calculated using the given permittivity of the metal layer ε m ε 0 m iε 00 m . Eq. (2) implies that the impedance changes periodically as a function of x tanD when the incident wavelength λ or the thickness of dielectric layer d d varies. As a result, the absorption will also be altered periodically with λ and d d , giving rise to different absorption bands. Figure 1(b) shows the calculated absorption bands as a function of the wavelength λ and the thickness of SiO 2 dielectric layer d d , where the thickness of metal layer is 8 nm and the ideal permittivity of the metal layer, ε dm , derived next is considered. Specifically, the beginning location (white dashed line) and the middle position (white solid line) of each absorption band are determined by x 0 and x ∞, respectively, and the corresponding dielectric thickness can be calculated as
The bandwidth of each absorption band is determined by the ratio between λ and d d , which is relevant to n d and the band order m. For the first absorption band, with m 0, when n d becomes smaller, the absorption wavelength range gets broader. As a result, SiO 2 is selected for the dielectric layer due to its low refractive index (n SiO 2 1.45). The ideal permittivity of the metal layer ε dm is designed to achieve the broadband perfect absorption. It can be shown that at the beginning location of each absorption band (x 0), the absorption is always close to zero since the impedance is Z → 0 − i∕k Au as long as the thickness of the metal layer is much smaller than the wavelength, thus obtaining a very high reflection. On the other hand, in order to achieve broadband perfect absorption, the impedance at the middle position of each absorption band (x ∞) should match the freespace impedance, Z Z 0 1 i0. Then the ideal permittivity of the metal layer as a function of wavelength can be derived as
and is plotted in Fig. 1(c) . The permittivities of several different kinds of metals including Cr, tungsten (W), molybdenum (Mo), copper (Cu), and gold (Au) are also plotted for comparison. It is noticed that the permittivity of Cr [19] [20] [21] is the closest to the ideal permittivity, while the permittivity of Au [19] is far away from that. Therefore, Cr is selected as the ideal material for the ultrathin metal layer inside the absorber. The SiO 2 -Cr-SiO 2 three-layer absorber consisting of one 8-nm Cr layer embedded between two 85-nm SiO 2 layers is fabricated on top of a silicon wafer coated with 200-nm-thick gold substrate by DC sputtering. The three layers of the absorber are grown by RF sputtering at a deposition rate of 0.14 Å∕s for SiO 2 and 0.5 Å∕s for Cr. Figure 2 (a) shows a scanning electron microscope (SEM) image of the fabricated absorber where each layer can be clearly seen. The thick gold substrate acts as a mirror to block any transmission through the sample. The black curve in Fig. 2(b) shows the measured absorption spectrum from the fabricated absorber at normal incidence by measuring the reflection using a visible spectrometer together with a FTIR. As expected, high absorption of more than 90% can be obtained over a broad wavelength range from 0.4 μm to approximately 1.4 μm, since the permittivity of Cr is very close to the ideal permittivity of the metal layer to 1.4 μm as shown in Fig. 1(c) . Figure 2 (b) also plots the calculated absorption spectra for absorbers made of different kinds of metals, including Cr, W, Mo, Cu, and Au, where the absorption spectra from W and Mo are not as broad as from Cr, while the absorption spectra from Cu and Au are quite low.
The calculated absorption as a function of the incident wavelength and the SiO 2 thickness for the designed SiO 2 -Cr-SiO 2 three-layer absorber when the Cr layer thickness is 8 nm is plotted in Fig. 3(a) . It is notable that the absorption bands show similar trends as the absorber using the ideal permittivity of metal shown in Fig. 1(b) . However, when the wavelength is above 1.4 μm, the absorption will decrease since the permittivity of Cr does not follow the ideal permittivity for longer wavelengths. Moreover, different from the optimal thickness for a single thin metal layer to get the highest absorption [22, 23] , in the designed SiO 2 -Cr-SiO 2 three-layer absorber, the impedance-matching condition is achieved mainly by tuning the thickness of SiO 2 layer, and the approximation of tanM ≈ M is satisfied due to δ m κ 0 d m ≪ 1 for the ultrathin Cr layer. Here the Cr layer thickness is designed as 8 nm by considering the fabrication capability to deposit high-quality thin Cr layer as well as the absorption amplitude and range. In addition, the absorption can be further improved by adding more Cr-SiO 2 layers. As shown in Fig. 3(b) , absorption higher than 80% can be reached up to the wavelength of 2.3 μm when the layer number is above 7.
Furthermore, the electric field distribution E x under normal incidence at the wavelength of 500 nm is plotted in Fig. 4(a) to show the impedance matching for the absorber, where the wavefront propagation inside the absorber remains the same shape as the incident wave in air so that there is no reflection from the absorber. Then the absorption loss of the Cr layer will induce the perfect absorption of the incident light. This is illustrated from the time-averaged power flow ⃗ P [arrows in Figs. 4(a) and 4(b) ], which keeps the same optical intensity in the air and in the top SiO 2 layer but decays fast below the Cr layer. Since the time-averaged energy density W is mainly confined inside the Cr layer as shown in Fig. 4(b) , the heat generation density distribution Q is mostly located inside the Cr layer rather than the gold substrate as shown in Fig. 4(c) . It shows that the gold substrate just acts as a mirror to reflect light back to the Cr layer.
The reflection spectra at different incident angles are measured with a white-light source and a visible spectrometer over a wide spectral range from 400 nm to 800 nm at angles of 15-80 degrees. In Fig. 5 , the experimental absorption spectra at different incident angles are reported as well as the calculated results for comparison for both TE and TM polarizations. It is shown that the experimental absorption spectra are in agreement with the theoretical ones except at very high angles close to 80 degrees. The absorption spectra for TE and TM polarizations are the same under normal incidence and similar at low incident angles, but become different at high incident angles above 50 degrees. It is demonstrated that the broadband perfect absorber is incident angle-insensitive and polarization-independent.
Finally, since refractory metals are extraordinarily resistant to heat and with high melting points, the proposed perfect absorbers made of the refractory metal Cr can also act as thermal emitters working at high temperature. For instance, the melting point of bulk Cr is 2180 K where the blackbody radiation has a peak wavelength of 1.33 μm. However, the melting point of bulk Au is just 1337 K leading to a peak wavelength of 2.17 μm for the blackbody radiation. Although the melting points for metals at the nanoscale will be below their bulk values due to size effects [24] , refractory metals still hold higher melting points than noble metals. Therefore, emitters made of refractory metals can work at high temperatures to emit light in the visible and NIR range.
In conclusion, a broadband perfect absorber made of the refractory metal Cr without structure patterning is demonstrated. The broadband absorption is analyzed based on the impedance transformation method and the ideal permittivity of the metal layer is derived to design the three-layer absorber. Since the permittivity of the refractory metal Cr is closest to the ideal permittivity of metal in the visible and NIR range, the SiO 2 -Cr-SiO 2 three-layer absorber is fabricated for the demonstration of broadband perfect absorption over the wavelength range of 0.4-1.4 μm. The absorption spectra are also measured at different incident angles with both TE and TM polarizations within 400-800 nm to show the angleinsensitive and polarization-independent properties. The demonstrated broadband absorber based on one ultrathin layer of refractory metal can be used in many exciting applications, such as solar energy harvesting, thermo-photovoltaic energy conversion, thermal imaging, and emissivity control.
